The article is focused on issuing of the permanent stabilisation of geodetic points in the periglacial environment. Periglacial environment of ice-free areas of northern James Ross Island is characterised by specific geomorphological processes connected with freezing and thawing and mass movement processes in the superficial part of the ground. Variable intensity of periglacial processes creates main limitations for traditional methods of permanent geodetic point's stabilisation. This article describes periglacial processes with regards to the traditional stabilisation methods and suggests alternative solutions, which were practically applied and verified on the ice-free area of Ulu Peninsula, northern James Ross Island.
Introduction
Czech Johann Gregor Mendel (JGM) Antarctic Research Station is situated at the northern coast of James Ross Island (JRI). This large semi-arid ice-free area of northern JRI is characterised by specific exogenous geomorphological processes connected with freezing and thawing and mass movement processes in the superficial part of the ground. Because of the unstable ground it is necessary to monitor all potential movements of the building and other accessories of the JGM Station. Long term monitoring needs to be based on permanently stabilised geodetic points. Classical ways of stabilisation are limited due to specific environment. That is the reason for the intention to improve permanent geodetic point's stabilisation around the JGM Station. 
Paraglacial and periglacial processes in studied area
The large deglaciated area of northern JRI represents Antarctica's unique ice-free territory (Nedbalová et al. 2013 ). Only few dome glaciers cover volcanic mesas and some cirque, piedmont, apron and valley glaciers are located around these plateaux . The lower-lying areas are on the other hand mostly ice-free (Davies et al. 2013 ) and snow cover melts here during summer seasons. Therefore, paraglacial and periglacial geomorphological processes are at present dominant factors shaping the landscape (Davies et al. 2013) .
Barrier of Antarctic Peninsula effectively blocks prevalent westerly winds associated with cyclonic systems centred in the circumpolar trough (King et al. 2003) , which limits precipitation in JRI area. Estimates of annual precipitation range from 200 and 500 mm of water equivalent (Strelin et Sone 1998 , van Lipzig et al. 2004 , which fall into the range of arid to semi-arid climate (Davies et al. 2013) . Mean annual air temperature of -7.2°C with the maximum-recorded temperature exceeding +8°C originates from the automatic weather station located at the JGM Station . Very large interdiurnal variability of air temperature with the amplitude of >30°C ) allow for repeated thawing and freezing. However, strong interannual variability has been reported for this area during the last years (Láska et al. 2011 ). Westerly to southwesterly winds predominate due to the local topography and general circulation at the northern coast of JRI . Climate factors controls the rate of exogenous geomorphological processes during the warmer period of the year. Paraglacial processes refer to processes, which took place during the readjustment period from glacial to nonglacial conditions, with the reworking and relaxation of glacial sediments and landforms (Ballantyne 2002 , Davies et al. 2013 ). On northern JRI, the paraglacial group of processes important for this study includes marine erosional processes incl. beach and marine terrace formation, aeolian corrasion, deflation and deposition (Davies et al. 2013) . Periglacial processes, which could potentially destabilise geodetic points in the surroundings of JGM Station include especially processes connected with freezing and thawing and slow down-slope superficial and subsurface mass-wasting in the active permafrost layer. The rate of freeze-thaw active layer processes is in low-lying areas controlled predominantly by lithology and aspect (Engel et al. 2010) .
The marine terrace with remnants of raised beach at JGM Station has a flat upper surface located at 9-12 m a.s.l. Local shallow marine to beach deposits are composed of gravely sand. Strong variation of grain-size distribution could however be seen with the depth of the active permafrost layer on the surface of marine terrace (see Fig. 2 ). The surface of the terrace is stabilised by a pebble-boulder hamada-like pavement with common desert varnish on large stones. Pebble-boulder surface lag originated by winnowing of fines and superficial accumulation of stones by frost heave (French 2007 ) and rock varnish on stone surfaces originates owing to the wind transported mineral grains induced oxidation (Matsuoka 1995 , Bockheim 2010 . Gravely sand of these marine sediments have mostly bi-to tri-modal grainsize distribution, with maxima in fine sand, coarse sand to granule and coarse part of fine pebbles (Fig. 2) . The uppermost 10 cm are enriched in coarse pebble fraction and depleted on the other hand in granule and fine pebble fraction. The middle part of active layer has a predominant grain-size fraction at coarse sand and granule. The lowermost part of active layer close to the permafrost table is typified by the predominance of fine to coarse sand and depleted in granule to fine pebble frac-tion, which is caused by downward migration of finer particles (predominantly fine sand) due to active layer thawing and their accumulation above the permafrost table. Permafrost active layer thickness differs here during individual summer seasons between 42 and 77 cm (Engel et al. 2010) . Therefore, the sampled depth of 70 cm lies just above the permafrost table during the maximum recent thawing seasons and highest accumulation of fines is to be expected here.
Sea spray commonly reported from this area (e.g. Nedbalová et al. 2013) represents important factor, which enhance chemical disintegration of superficial material (André et Hall 2005) . Wave erosion in the surfing zone results in over-steepening and lateral erosion of uplifted marine terrace sediments, which affects not only fine sediments, but also larger released erratic boulders, which are commonly found on present beach (Davies et al. 2013 ). Granule to fine pebble particles could in some circumstances be effectively transported from the beach also by flotation during a rising tide (Möller et Ingólfsson 1994) . Nivation processes connected with the thawing of snowfields accumulated along the coast with larger slope gradient could also steepen and undercut cliffs and transport the material to the littoral zone. The construction of JGM Station main building and containers (Prošek et al. 2013) elevated snow accumulation, which induce accelerated nivation processes on the surface of the marine terrace. Thawing water surface drainage has especially been dangerous for constructions on the eastern margin of marine terrace surface, where protective plastic wall in active permafrost layer has been constructed in 2012, i.e. 6 years after the construction. However, not only surface erosion is provoked by snow accumulation. Downward percolation of thawing water through the active layer effectively removes fine muddy particles and accumulates them primarily just above the permafrost table (as described above). Permafrost table is generally parallel with surface and fine particles are therefore mostly transported towards the coast. This subsurface wash could eventuate in irregular surface lowering and damages in JGM Station infrastructure.
Ephemeral braided stream of Bohemian Stream undercut the southeastern margin of the marine terrace at JGM Station. It has two contrasting fluvial styles according to the discharge: multi-channel, high-sinuosity braiding style during low discharge and low-sinuosity style with one principal channel during high discharge (Davies et al. 2013 ). Braided stream transports substantial amount of suspended load (Prošek et al. 2013 ) originating from glacial sediments and Cretaceous bedrock (Davies et al. 2013) .
Aeolian deflation produces a very slow lowering of the marine terrace surface due to the winnowing of finer particles (mostly silty-to fine sand-sized) from its surface. Rather dry conditions at flat surfaces allowed for enhanced wind-blown of fine particles. The winnowed material is generally deposited in the sea or local streams, however it is frequently fixed on the surfaces of snowfield, where it can produce aeolian accumulations up to several metres thick after snowfield decay (Davies et al. 2013) . These snowfields are generally on leeward sides of prevailing winds and their thawing produces local concentration of niveo-aeolian deposits with prevailing fine sand to granule fractions. Pitting and ventifaction represents also a typical process of local aeolian corrasion. Ventifacts made of James Ross Island Volcanic Group basalts (Nelson 1966 , Košler et al. 2009 ) and Antarctic Peninsula granitoids originating from Neogene to Pleistocene advances of Antarctic Peninsula ice streams (e.g. Nývlt et al. 2011, Nývlt et al. in press) have been wind-faceted by prevalent westerly to southwesterly winds ).
Traditional stabilisation methods
Most of the National mapping agencies (NMA) including the Czech Office for Surveying, Mapping and Cadastre determine stabilisation of survey control points in the common ground. Common ground means in this case stable basement in temperate zone. Particular point stabilisation is performed by using permanent or temporary marks based on their importance. As temporary mark is usually used a wooden peg, which is for orientation marked with a cross or nail (Staněk et al. 2007) .
Permanent trigonometric points are typically stabilised by a stone about 0.8 m long with an above the surface obtrusive part. The worked stone cube is made with an edge of 0.2 m. The middle of the upper side is marked with a small cross. This mark is secured by two underground marks. These stone board and glass disc are labelled by a small cross placed under the stone. All these three marks have to be vertically placed with an accuracy of 3 mm. In the case of the upper point damage, the underground marks enable the point reconstruction. Only one underground mark could be used in some cases. The hole is filled by various materials without any restrictions (Hánek et Koza 2004) .
Points of detailed planimetric survey are also stabilised by a stone cube, plastic marks with steel drill into the ground or marks on rocks set in concrete. It is possible to use iron bar of 0.5 m above the ground for minor geodetic control. The exact point for orientation is signalised by small cross or drilled hole. The bar is thrust into the ground usually deeper than 2 m (Hánek et Koza 2004) .
Depth stabilisation could also be used for constructions. One of these methods puts concrete circles deep into the ground under the depth of frost penetration. These circles are filled by concrete and steel and build the stable base of the new point (Staněk et al. 2007 ).
Most of the points are signalised by a pole, survey beacon or observation tower.
Stabilisation in unstable ground
The need of precise measurements in surroundings of the JGM Station for scientific reasons forced to develop nontraditional method of stabilisation. Some of the traditional stabilisation methods used in temperate environment could be functional also in unstable locations. Periglacial areas are typical of significant ground movements of permafrost active layer (see above), which affects the uppermost ~1 m based on various factors. Therefore a cheap, functional and feasible method to build permanent geodetic point's stabilisation in periglacial environment is needed.
Freezing and thawing of the ground are generally problematic for the stabilisation, as the points have to be stabilised deep in the stable permafrost. There was an effort to find usable compromise of common stabilisation methods and apply it for building permanent geodetic points around JGM Station. The necessity of fixing the points into the permanently frozen ground has become obvious.
The first geodetic works on James Ross Island have been done by British topographers in 1960's. Two geodetic points have been constructed near the present JGM Station during their expeditions. These two points (numbered 4000 and 4001) were included to the construction of the new geodetic network (Fig. 3) . Existing points were subsequently supplemented by three additional points (Fig. 4) . 
Point Nr. 4002 stabilisation
Based on the previously mentioned facts on the selected location was performed digging to the base of permanently frozen ground (approx. 1.2 m) see Fig. 5 . Hole was subsequently extended by drilling about further 1 m. Stainless pole (2.5 m long, 25 mm diameter) was placed into the hole and tighten with mixture of extracted material with water. Remaining part of the pole (approx. 0.3 m) above the surface was adjusted for signalisation purposes and in cased by stones (see Fig. 6 ).
Similar procedure was used for the stabilisation of the point Nr. 4004. 
Point Nr. 4003 stabilisation
Different procedure was used for stabilisation of the point Nr. 4003 which was located on the erratic boulder surface situated only 70 m north from the JGM station. Erratic boulder seemed to be the most problematic point for stabilisation due to its possible movement. Its main advantage was the close location to the main building of the JGM station (see Fig. 7 and 4) .
The stabilisation was performed by drilling to the depth 120 mm. Hole was subsequently filled with epoxy resin. Signalisation is carried out by stainless spike placed into the epoxy resin. 2012-2013 a 2013-2014 (meters) .
Verification of the stability of stabilised points
New procedures of stabilisation in variable periglacial environment need to be verified in the following seasons. Dimensions of triangulated network created by stabilised points was observed with the one year period in the seasons 2012-2013 and 2013-2014 by robotic total station GPS 9003 with an accuracy of ± (2 mm + 2 ppm x D*) m.s.e.
Differences in the observed distances are under or on the accuracy limit of used total station (see Table 1 ).
Discussion and conclusions
Surroundings of JGM Station have high potential for various scientific studies. For purposes of spatial oriented studies in close surroundings was established a network of the geodetic stabilised points. Non traditional procedure to the selected point stabilisation has been developed and applied due to the high variability of the environment.
Stability of established network was verified in the subsequent seasons. Measurements showed no significant movements of stabilised points, therefore the designed method is suitable for geologically and climatologically specific environment of the northern part of James Ross Island.
The network of stabilised points is used for long-term monitoring of the influence of the objects of the JGM Station to its surroundings, monitoring of the permafrost active layer depth and its recent changes. Currently, long term GPS measurements are carried out on the stabilised points.
Established network will be further observed, maintained and extended according to the needs of contemporary scientific projects. There is also a possibility of establishing seasonal differential GPS measurements on selected suitable point.
